MicroRNAs (miRNAs) are small (∼22 nucleotide) non-coding RNA strands that base pair with mRNA to degrade it or inhibit its translation. Because sleep and sleep loss induce changes in many mRNA species, we hypothesized that sleep loss would also affect miRNA levels in the brain. Rats were sleep-deprived for 8 h then decapitated; hippocampus, prefrontal and somatosensory cortices and hypothalamus tissues were harvested and frozen in liquid nitrogen. MiRNA was extracted and then characterized using microarrays. Several let-7 miRNA microarray results using hippocampus and prefrontal cortex samples were verified by PCR. From the array data it was determined that about fifty miRNA species were affected by sleep loss. For example, in the hippocampus of sleep-deprived rats, miRNA expression increased compared to cage control samples. In contrast, the majority of miRNA species in the somatosensory and prefrontal cortices decreased, while in the hypothalamus miRNA species were both up-and down-regulated after sleep deprivation. The number of miRNA species affected by sleep loss, their differential expression in separate brain structures and their predicted targets suggest that they have a role in site-specific sleep mechanisms. Current results are, to our knowledge, the first demonstration of the homeostatic process, sleep, altering brain miRNA levels.
and long-term effects in the brain. Sleep regulatory substances act on nearby neurons and glia and alter their electrical properties thereby changing network input-output relationships [8, 37] . At this network level, input-output oscillations manifest as functional state changes; one of these states has been characterized as localized sleep [33] . Local sleep intensity is activitydependent in humans and animals as measured by EEG delta wave activity and cerebral blood flow [14, 19, 20, 44] . In addition, sleep regulatory substances alter gene expression of molecules (e.g., nerve growth factor, TNFα, interleukin-1 beta) involved in neural connectivity [7, 22, 23] . Further, many reports demonstrate that sleep, sleep loss, and wakefulness alter brain protein [1, 5, 13, 30] and gene expression [9, 18, 41, 42] including sleep regulatory substances [29] . The ability of miRNAs to interfere with mRNA translation gave rise to the hypothesis that sleep deprivation would produce concomitant changes of miRNA levels in the brain. We report herein that sleep loss is associated with region-specific changes in miRNA expression.
MATERIALS AND METHODS

Animals
Animal use was in compliance with NIH standards and approved by Washington State University's Institutional Animal Care and Use Committee. All protocols were designed to minimize animal discomfort. Thirty male Sprague Dawley rats (250-325 g; Taconic Laboratories, Hudson, NY) were housed in an AAALAC-approved vivarium on a 12 h lightdark cycle initiated at 0800 h, at 22 ± 1° C, with free access to food (Harlan, Madison, WI) and water. Rats were acclimated to their home room for a minimum of seven days proceeding sleep deprivation. Two experiments that differed in their miRNA analysis were performed. In the first experiment, beginning at light onset four rats were sleep-deprived (SD) for 8 h using gentle brush strokes when necessary to keep them awake and then euthanized. Four cage control CC rats were euthanized at the same time of day. A CC rat was matched with an SD rat. After euthanization, the hypothalamus, hippocampus, prefrontal (PFC) and somatosensory cortices were dissected, frozen in liquid nitrogen and stored at −80° C until extraction. In the second experiment 22 rats were used for primer-extension quantitative polymerase chain reaction (PEq-PCR). Rats were treated identical to those in experiment 1.
RNA Extraction
MicroRNAs were extracted with the mirVana™ miRNA Isolation Kit (manual #0503; Ambion, Austin, TX) according to the manufacturer's instructions. This procedure yields an RNA fraction of RNA species of less than 200 bp. Yield and purity of RNA was by measured by UV absorbance at OD 260/280 . In experiment 1, extracts used for microarrays were enriched through fractionation by polyacrylamide electrophoresis using the flashPAGE™ apparatus (Ambion); RNA species less than 40 bp were collected. Starting quantities of enriched small RNAs varied between structures (5.8-7.2 μg for hippocampus; 3.7-5.5 μg for the PFC; 4.1-5.3 μg for somatosensory cortex; and 2.1-3.6 μg for hypothalamus). However, equal amounts of miRNA extracts from CC and SD samples were applied to individual microarray slides. In second experiment, the small RNA fraction (less than 200 bp) was used for PE-qPCR. In this experiment, RNA samples obtained from the hippocampus (n = 11 SD and n = 11 CC) and the PFC (n = 8 SD and n =8 CC) were analyzed; six PFC samples (3 sleep deprived, 3 control) with low abundance and/or purity were eliminated from the second experiment.
MiRNA Microarray Expression Analyses
Enriched miRNA from CC or SD extracts were labeled with Cy5 (GE Healthcare, Little Chalfont St. Giles, Bucks, UK) using the mirVana™ miRNA Labeling Kit (manual #0603) according to the manufacturer's instructions and hybridized to mirVana™ V2 Bioarray slides (manual #0607; Ambion). The slides have 2 separate arrays, each with probes for 640 miRNA sequences, and individual arrays have quadruplicate spots for every miRNA probe. Four slides per brain region were used and each slide contained miRNA extracts from one CC and one SD rat, thus each slide represents an independent experiment in its own right.
Arrays were scanned with a ScanArray® 4000 (Perkin Elmer, Wellesley, MA) at a 5 μm resolution and saved in the TIFF file format. TIFF files were analyzed with GenePix Pro 6.0 using the 635 nm wavelength setting. Imported array templates were aligned to both arrays and then: 1) A local background subtraction function standardized inconsistent background pixel intensities in the 400 pixel circular perimeter of each feature spot. 2) A 156 pixel area was superimposed on each feature spot and the mean intensity of these 156 pixels was calculated. 3) These values were normalized by subtracting the mean pixel intensities of the 18 positive control spots on the CC array from the 18 positive control spots on the SD array, dividing by two and this quotient, or its reciprocal, became the standardization ratio for both arrays on a given slide. 4) The normalized spot intensity at each x, y coordinate of an array was averaged with the spot at the same position on the other three arrays of separate rat extracts in the same condition. Paired t-tests were performed on these data using Excel 2003. The ratios of these values (SD/CC) were calculated and ratios less than one were adjusted to a negative reciprocal to depict the fold change in miRNA species elicited by sleep deprivation (Table 1) .
Elimination criteria were constructed to detect veridical changes between sleep-deprived and control miRNA levels. First, a spot's average signal-to-noise ratio (SNR) was greater than two. Second, the minimum difference between the CC and SD average pixel intensity of each miRNA was at least 10% of the average of the top two miRNA difference scores. Third, the adjusted ratios were greater than 1.5 or less than -1.5 for inclusion. Fourth, statistical significance was obtained with an alpha of less than 0.05.
MiRNA Detection by PE-qPCR
To measure let-7 miRNAs by PE-qPCR, we followed the primer extension method recently developed [32] . We examined let-7b -7c and -7d because they are expressed in brain at higher levels than other let-7 subtypes. The let-7 primers consisted of the Universal Primer sequence, CATGATCAGCTGGGCCAAGA, plus AACCACAC for let-7b, AACCATAC for let-7c and ACTATGCA for let-7d. This method uses locked nucleic acids (LNA) incorporated into the reverse primer sequences to increase the Tm of short length primers (∼15 bases). LNA primers sequences for let-7s were: T+GA+GGTAGTAGGTTG; T+GA+GGTAGTAGGTTG; and A +GA+GG+AGTAGGTTG for let-7 b-d, respectively (Integrated DNA Technologies, Coralville, IA).
Ribogreen (Invitrogen, Carlsbad, CA) was used to equalize miRNA concentrations by successive dilutions in extracts used for PE-qPCR. The reverse transcription reaction contained the following: 4 μl of 0.5 μM primer, 4 μl of miRNA, 4 μl of DEPC-treated water, 4 μl of 5X reaction buffer, 1 μl of 0.1 M DTT, 1 μl of 10 mM dNTP, 1 μl of RNAseOUT and 1 μl Superscript III. The mixture was incubated at 50° C for 30 min, followed by 85° C for 5 min. cDNA was diluted 10-fold in TE buffer (10 mM Tris [pH=7.5], 0.1 mM EDTA). Five μl of the diluted cDNA was added per PCR reaction. An iCycler iQ Multi-Color Detection System (BioRad, Hercules, CA) with the filter set at 490 was used to detect SYBR fluorescence.
Samples were assayed in triplicate and normalized to ribosomal 5S values (obtained using manufacturer's instructions for the mirVana™ qRT-PCR miRNA Detection Kit; manual #0610; Ambion). Each PCR reaction mix contained: 5 μl of cDNA, 3.25 μl of water, 0.25 μl of 1:1000 dilution of Fluoroscein (Bio-Rad), 2 μl of 10 μM universal primer, 2 μl of 10 μM LNA reverse primer and 12.5 μl of 2X SYBR green PCR mix (Applied Biosystems, Foster City, CA). The cycling conditions were: 95° C for 10 min followed by 40 cycles of 95° C for 15 seconds, 54° for 15 sec, 72° C for 15 sec. The melt curve (for distinguishing PCR products from primer-dimer formations) was generated by heating PCR products at 95° C for 1 min then decreasing to 55° C for 1 min, and incrementally increasing 0.5° C every 10 sec to 95° C.
For PE-qPCR data, Excel 2003 was used to perform t-tests on the delta Ct values, where delta Ct equals the triplicate mean cycle threshold (Ct) for SD animals minus triplicate mean Ct for CC animals. Delta Ct values represent PCR cycle differences between let-7b, -7c, or 7d and ribosomal 5S, in exponential form; 2 −ΔΔCt represents linear fold changes in samples from SD animals relative to CC samples.
RESULTS
The greatest number of sleep loss-induced miRNA changes was observed in the hippocampus. After the first criterion (SNR > 2) was applied, only 62 of 640 miRNA remained under consideration. Following criterion 2 the number was reduced to 56. The third criterion eliminated another 4 miRNA species leaving 52, out of which 3 were not statistically significant. Thus, a total of 49 miRNA species were judged to be up-regulated in the hippocampus by sleep loss (Table 1 ).
In the PFC, 602 of 640 miRNA species were eliminated via the first criterion followed by an additional 6, 9 and 2 by criteria 2, 3 and 4, respectively. Hence, in the PFC 19 miRNA species were significantly down-regulated after SD while miR-128a and miR-29a were determined to be up-regulated. In the somatosensory cortex, 58 of 640 miRNA species remained after applying the first criterion, 31 after the second, and 22 after the third, all of which were statistically significant. Similar to the PFC, the majority of the remaining miRNA species were significantly decreased after SD in the somatosensory cortex; 21 miRNA species were significantly decreased and only miR-917 manifested a significant increase.
In hypothalamic extracts, miRNAs were lower in abundance and 621 of 640 were eliminated by the SNR criterion. An additional 2 miRNAs were eliminated by the difference criterion and 7 more did not meet the ratio criterion. Two of the remaining 10 were not statistically significant resulting in five miRNA species significantly up-regulated (let-7e, miR-30d, -103, -107, and -181a) and three significantly down-regulated (let-7b, miR-125a and -128b) after SD.
Several interesting trends emerged from the microarray data: 1) Let-7b and miR-125a were the only two miRNA species that met all elimination criteria and significantly changed in all four brain structures. 2) All of the miRNA species that were down regulated in the cortex were up-regulated in the hippocampus, except miR-128a and 29a.
3) The directionality of miRNA levels in the somatosensory cortex is consistent with that of the PFC in the 12 co-expressed miRNA species (e.g., let-7b, miR-16, -125a, -132).
PE-qPCR performed on let-7 subtypes using hippocampus and PFC samples supported the microarray findings (Fig. 1) . In the hippocampus, let-7b through -7d increased with SD, however, only let-7b (t 19 = 1.95, p< 0.05) and let-7d (t 19 = 2.14, p< 0.05) were statistically significant. In the PFC, both let-7b and -7c were attenuated by SD, but only let-7c (t 13 = 2.55, p< 0.05) manifest statistical significance.
DISCUSSION
The two major findings reported herein are that sleep loss is associated with changes in expression of about 50 miRNA species and that the specific miRNAs that changed and the direction of change is dependent upon the brain area examined. These data are the first step in a much larger experimental process needed to establish if miRNAs are involved in site-specific translational regulation of mRNA species and their subsequent protein expression for molecules involved in either sleep regulation or in the fulfillment of sleep function. Nevertheless, current data provide an attractive list of miRNA species because sequence alignment analyses (http://cbio.mskcc.org/cgi-bin/mirnaviewer/mirnaviewer.pl#mirna) of many miRNA species altered by SD, including let-7s, demonstrate complementarities with key sleep regulatory substances such as TNFα, interleukins and IkB, an inhibitor of nuclear factor kappa B. For instance, SD procedures similar to those used in the present study result in enhanced cortical TNF protein [40] and inhibition of TNF, e.g. using siRNAs, inhibits electroencephalographic delta power, an indicator of sleep intensity [40] . In brain, TNF acts in the plasticity scaling process [37] and its neuronal expression is dependent upon prior activity (e.g. prolonged whisker stimulation enhances the number of TNF-immuno-positive cells in layers II-IV in the somatosensory cortex that received the afferent input [15] ). Such data suggest that TNF is involved in sleep regulation and sleep organization and current data add to this literature because the miRNAs identified as being altered by sleep loss may provide an additional level of regulation to TNF-sleep relationships.
The sleep-loss induced changes in hippocampal and cortical miRNA species reported herein suggest a role for miRNA in the relationship between sleep and memory. One highly expressed neural-specific miRNA, miR-125a, is altered in all four tissues following prolonged wakefulness. MiR-125a has an extensive list of sequence alignments with plasticity-related molecules with purported roles in sleep (e.g. NGFI-A [9] , BDNF [18] and T-type calcium channels [6] ). Another miRNA, miR-132, is also perturbed after sleep loss in both the hippocampus and cortex. Unlike miR-125, miR-132 is directly implicated as a mediator of synaptic plasticity. For instance, miR-132 is induced by neurotrophic factors and is regulated by CREB [43] . MiR-132 expression enhances neurite growth and inhibition of miR-132 curtails the growth of these extensions [43] . Thus, the attenuation of miR-132 in the PFC following SD could potentially compromise regional synaptic plasticity. Sleep is posited to influence neural connectivity [6, 21, 27, 28] including gene and protein regulation germane to memory formation and consolidation [11, 12, 31, 36, 38] ; miRNA may regulate these processes [35, 39, 45] .
That several miRNA species expressed in the hippocampus and PFC are altered in opposite directions by SD is intriguing. Similar bidirectional differences between the hippocampus and the PFC are observed in long-term potentiation following SD [34] , and may represent structurespecific memory functions (e.g. short-term vs. long-term storage). The complexity of miRNA regulation is illustrated by their numerous putative targets. Further, the task of target prediction is compounded when multiple miRNA species are requisite for activity. The net result to the biological relevance of a particular miRNA function is determined by the mRNA targets. For example, an increase in miR-132 (as observed in the hippocampus) could also hinder plasticity by down-regulating its predicted rhoGAP gene target which is involved with catenin-Ncadherin and NMDA receptor signaling. Thus, miRNA presence in two structures could be expressed as polar opposites, but maintain the same net biological effect.
In many microarray studies of cDNA prepared from mRNA, PCR is used to verify the array results (e.g. [42] ). PCR is inherently variable due to the many cycles of amplification. To use PCR to verify miRNA levels, it is necessary to add a step of strand elongation for PE-qPCR [32] ; this increases the variability of the subsequent PCR amplification cycles. Thus, verification by PCR is in our view less reliable than miRNA microarray analyses [10] . PEqPCR performed was consistent with the array data, let-7 levels were elevated in the hippocampus and let-7b and -7c decreased in the PFC; statistical significance was reached only with the hippocampal let-7b and -7d and the PFC let-7c data due to high variance.
One caveat relevant to the current results is the difficulty in isolating sleep as an independent variable, thus exclusively ascribing changes in miRNA to sleep per se is speculative. There are numerous concurrent physiological changes that accompany sleep and the changes in miRNA observed may reflect processes such as increased stress and/or stimulation due to the SD procedure [16] . Indeed, future experiments need to characterize miRNA expression during periods of extended sleep whether induced by methods such as acute increases in ambient temperature [41] or by pathology. Identifying the specific miRNA targets and their effectors will also be necessary in elucidating the relationship between sleep and miRNA. Regardless, current results indicate that sleep loss differentially alters miRNA expression in various brain regions. The hypothesis that miRNAs regulate synaptic plasticity and sleep regulatory substances is exciting because it provides a way to link the molecular mechanisms of sleep and memory. In addition, miRNA offers a novel approach for investigating sleep-related memory events such as memory replay during sleep [31] and the targeting of sleep to areas disproportionately activated during prior waking [27] . Fold change (± SEM) in microRNAs from four brain structures resulting from sleep loss Data are expressed as the average ratio (sleep-deprived/cage control) of normalized mean pixel intensities. The negative reciprocal is reported for ratios less than one. Each value was obtained from four independent determinations. Bold typed miRNA species meet all three exclusion criteria. 
